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Reasons to Study Magnetic Nozzles ®))PPPL

* Converting thermal energy to directed kinetic energy;

Magnetohydrodynamic (MHD) Electricity Generation

Valuable for:

lonised Gas Generator

Exhaust DC
Gases  Power

oMHD power generation for FRC power plants

Ar

* High efficiency: energy converts directly @ e

to electrical power

oElectromagnetic propulsion
 Attractive for certain space missions
* Princeton Satellite Systems, Direct Fusion Drive m, + fym,
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Physical Description Y,

Typical plasma parameters

* Similar to physical nozzle, fluid Te=1-100eV; T;=05-10eV
: — 1010 _ 1014 ~m-3
mechanics n =10 107 em Important velocities
* De Laval nozzle: convergent, throat, E; =1-500eV cs = 9.79 x 10°(yZT, /)% cm/s
divergent B < 5kG vy =218 x 10" (un;) "2 B cm/s
* Principally interested in divergent vre = 4.19 x 107TH* cm/s
portion, where the momentum
transfer and detachment occur Plot of Important Velocities vs. Axial Distance from Throat
* Mechanical 2D wall surface acts as a & ' ' ' ' ' ' I ' —
surface constraint 8 electron thermal velocity ::A |
* In contrast, plasma confined on original . =
field lines g " B = 1000 G, n; =102 cm™3, T,=10eV
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Directed Kinetic Energy

Momentum Exchange, Lorentz
force

* Momentum transfer via Lorentz interaction
* Applied external B field acts on currents in plasma

* Induced B field in plasma acts on current in
electromagnets

* Circulating azimuthal current in field

* Paramagnetic
* Strengthens field, reduces thrust (drag effect), focuses field
* Swirl acceleration

* Diamagnetic
* Increases thrust, weakens field, increases divergence of field
* Pressure gradient
* Hall acceleration
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Methodology: Detachment Parameters%i- PPPL

1, particle B
. VB
* Detachment mechanisms: ~ T = <1
* Collisionless b
* Collisional \/ VB
* B field rearrangement ) \Ul \V ro—l>1
L B
17 particle A

e Collisionless Detachment

. . . I VB
* Gyroradius larger than B field spatial variation, 1 |;| > 1
* Single particle inertial detachment

eB eB L?

* Hooper, plasma inertial detachment, ¢ = ———
mi me U2

Simulation: B=500G, L=1,=1cm, U=c,=138x10°cm/s G = 2.35x 10*

* Plasma no longer confined, B, > 1
* Collective plasma detachment
* Super-Alfvénic plasma, Sy > 1

 Induced field detachment E.B.Hooper; Plasma Detachment

from a Magnetic Nozzle




Methodology: Building Simulation 2

* Injection scheme
* lon injection
* ] =qnv;
* Fix v; in units of gamma-beta
* Fix n; by setting J
* Simple case: J constantin time and space
* Electron injection
e Child-Langmuir
* Steady state: maintains quasi-neutrality

* Magnetic Field

* Solenoid
* Bhax =800G, B, =500G
e L=20cm; R=10cm
* Center (0,0)

Injection Parameters

T; =05eV

Ny = 1.0 x 101% cm™3
Ujg = Cs

u; u2\ "2
yp="2(1-%) " =43x10™*

c2

Ji = qn;ou;o = 0.0022 A/cm?

T, =2.0eV

V3/2
Jo & R computed by LSP

Important velocities at throat,
(r.z) = (0,0)

¢, = 1.38 X 10% cm/s

v, = 1.09 x 10° cm/s

v, =593 x 107 cm/s




Methodology: Simulation %4 PPPL

+ P4 postprocessor o RO M o

* IDL to visualize data from simulation: PR RN N Ty s

* History -
* Energy (field, particle, total, net) - /|
* Global velocity total e
« Number SESEEEEEEN SRR DT

* Scalar - |
* Species density ni, Ne L
* Species temperature T;, T, [
* Species pressure Di, Pe ©F A
* Electric potential ¢ 20; o ;

* Field ] S
* Magnetic field B - B,, B, - s
* Electric field E > E,, E, E, Kt —
* Current density f - J ; : .
* Species velocity Vi, Uy Df%; =

0 20 40 G0 a0 100

Z {em)
Max. magnitude (25.00,50.00) : 1201.55




Methodology: Diagnostics

MATLAB: Computing + visualization

* Script and plotting

* Read P4 data writes into matrices/

meshgrid format

* Plot as contour plots; visualize detachment
* Dimensionless plasma parameters

* Beta:

* |nertial detachment

* Others
* Breizman:

e F field development:

« Pand = B and B,/B,:

VA
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Results: System Development

e System parameters

n; = 10% cm™3, T; = 0.5eV,

e E 15 ol
nergy . 12 Sﬁbm im&:@EZEIZi 2
° Partlcle part Z 11: global vxtot,_spemes 1
: 1 2, B? do
. Field  Epgs=J fmtem; (eB2+=)av oo

* Net

* V Total
* Nv, a4y

Enet = Etot - Emeas

* Nvp gy

* Number

* Number of macroparticles
» Subject to particle collapse
* Quasineutrality

T, =2.0eV,

gamma—beta—micracaulombs

Bmax = 800G,

SP_simulation: 50x100CLOT.Isp — Wed Jul 24 00:15:48 2013

cs = 1.4 x 10° cm/s
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Results By ® ) PPPL

50 -~ | | | ] log,q of B = BanT /B @450 ns // Z - —4_0
nkT 11 , i Do -6.5
By === =403 x 10" n;T,B 40 | 9.0
B /2#0 |
-11.5
30 | logy08, - -14.0
* Motivation: 20 r 4500 ns ; -16.5
* Assess plasma confinement locally, ~10 cm scale, I -19.0
rather than system-wide average T 215
. _ 10 | T
Caveats: [ "o 223.0
* [, not meaningful for single particle 0 255
* Focus on collective characteristics, e.g. contour o =B 7 8000
levels 50 ° “ 4.0
 Observations _ -6.5
* Maximum logyo(B,) = —3.5 40 [ -9.0
* Large gradient with change in density n; — 115
envelope for plume 30 +-14.0
* Development of pocket of maximum f3, near axis - | -16.5
- -19.0
10 - . -21.5
. -23.0
. -25.5
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0g,,of p= Bnnl(KEe+KEI)/Bz @6000 ns
I T

Results Brs vs. Br. ®)PPPL

log, , of p = 8zn T /B @6000 ns
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Results

lon Density @4500ns

n; vs.n,
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Results 18

Motivation:

* |nvestigate localized adiabaticity of plasma
throughout nozzle

Gyroradii of both ion and electron species
* Plot restricted to densities n,,n; > 108

log,  Plot Magnetization Condition 1, [V B/B| for ion @600 ns
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Results E @PPPL

E. [kViem] @6000ns

* Motivation:
* Radial motion of ions, generates E?
* Formation of E X B driftin plume
* QObservations

e Contour plots
« E, present at magnitudes of ~ 1072 kV/cm
* Responsible for azimuthal effects?

B e R TR R TR TR

14
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Results

Motivation
*  Momentum transfer by applied F and plasma f

* Find f, and thereby AF

J output by LSP; MATLAB computation
Observations

* J¢ found to be diamagnetic at boundary of high density
plume, paramagnetic within high density plume
AF,-100; = —6.4181 X 10"’ N

*  Suggests induced B fields have net drag effect

]
Ny

—t
On

-~

Plot of AF vs. Axial distance Z from throat
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Iog10(2nrJeBrdrdz) [N] for DIAMAGNETIC Currents @6000ns

- —
J¢ X B, > 0: logyo(JB-dV [N]) _
Iog 10(27:rJ B drdz) [N] for PARAMAGNETIC Currents @6000ns
L - — il
I ]q() X BT' <0 loglo(]q()B aVv [ ]) |
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9)

Conclusions

* Plume development
e Confinement within magnetic streamlines

* Separation of ions from electrons
* Electrons well confined, per above
* |lons spread radially

* Electricfield
* Potential difference from charge separation, per above

 Azimuthal current

* Force on plasmaplume, ] X B Ong()lng/FUtU re Work

* EPPDyL, independent work
Professor Edgar Choueiri, Justin Little, Matthew Feldman

* Mikhail Khodak’s ongoing work (coming up next)

16
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